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Optkal Trapping, Cell Manipubtion, and Robotics

Tudor N. Buicanl, Dan L. Neagley2, William C. Monison”2, and Bryan D. Uphaml

lLife Sciences and 2MwhanicaI and Electronic Engineering Divisions

Los Alamos National Laboratory, Los A&mos, NM 87545

STRAa

A new type of analytical and preparative cytometric instrument was developed. fie instrument ccxnbines image
analysis and machine vision with single cell and chromosome manipulation by means of optical trapping. A proof-of-
@nciplc instrument, OCAM, has the ability to locate and analyze biological particles inside an exlosed manipulation
chamber, as well as the ability to move and position particIes =card.ing to prcprogmmm ed pocols. Prelimirlfu-y re-
sults and potential biologicaJ applications of such a microrobcx are discussed.

ODUCI’IQN

The last twemy years have seen the development of two mapr classes of high-performance analytical instruments.
Tneae are: (i) video microscope-based image processing workstations; and (ii) flow cytcsmetem. lhditionally, the two
classes have been charmerixd by widely differing capabilities and, therefore, appliutions. Thus, image processing mi-
croscopes have been capable of analyzing biological particles at Iow speed but with high resolution, whereas flow cy -
tometers have been capable of zero-resolution imaging at very high speeds. Morwvcr, flow cytometcrs have naturally
]~nt tiemse}ves to preparative applications (flow soning), while hging instruments, fi[&d with mu2hanicaJ miuo-

ma.nipulators, havL seen only limited ptparative W=

Currm developments in the field of cytomernc instrumentation suggest that the distinction between imaging and
flow instmrnents is beginning to dissppear. Indeed, one-dimensional imaging (scanning) flow cytomcu.rs are already in
use. and several imaging flow cytometcrs are being beloped which will provide images of moderate but useful rcso-
!ution. l%e discovery of opical trapping by A.#hkin 1 in the late 60s, and especially the reant technical developments

in optical trapping as applied to biological problems ““, have opened up a completely new range of applictuions for
imaging instrunmnts as preparative md manipulation devices. The robotic optical trapping manipulator described in
this article is a Rood example of the spectrum of capabilities inherent in instrumentation based on optical trapping.

For mar,y reasons, optical trapping as a means for manipulating microscopic biological puticles, LS far superior to
mechanical micromanipuhmm Indeed, optical trapping can easily be achieved in a completely enclosed chumber, thus
pwenting Crosscontarnination between the sample and the laboratory environment and allowing one to catrol very W-
curately and over exkndcd periods of time the physical and chemical parameters of the biological snrnple. Further.
mm, the akrxx of mdanical devices makes possible the usc of manipulation charnbcrs with very@ strucwral de-
luifs, such as micnuopic compartments and interconnecting channels. Ile presence of such chamber structures opens up
SEW possibibtses for the separation and pcessing of individual biological particles.

‘l%e potentially complrx structure of :he mampulat.ion chamber, together with tie ability of the instrument to im-
age, analyze, separme, and position biolop id prticks inside the chamber, can only be used efficiently if appropriate
analysis and contrcl software IS available to rcplticc a human operator. When endowod with such software, an optical
rnanspulalor bowrnes a true rnicrr-topic robot, in the *rise that it prom.ses visual (v&) information to determine
the detded way m which to execute mrne predetermined task. h is particularly this combination of imaging, optid
trqpin8, machine Visiotl, and robotics Omt makes ou” iJSSMCi4t the fnt of what we see as a new class of arudytical
and preparative cytometric instrumentation,

7%is article begins with a brief discussion of the physics and history of opt.iud trapping. This is followed by a dis-
cussion of our currcnl insrurnerw OCAM, and of itu uwr L.%z+cc and control software, We preaemt pdimlw rc-

suhs demonstrating the ability of the instrument to manipulate live cells and chromosomes, following which wc dis-
cuss currc.m and future apphcauons of a rvbotic optmd trapping CCII manipulator in biology and biotechnology.

~~

Light pessurc was fnt mcmtioncd by Vrc 171h ccntuq Chmnan astronomer Johann~ Kepler, who suggestd IJIM u
caused creels’ tmis to point away frurn the Sun. Although tlK theo~ of the pressure exerted by light a’I spherical

jm-t.wles wss putdsshed by Debyc 5 around the turn of the cenhq, It was noI UIIUI the Iatc 60s that the pressure excrt-

————. —.
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cd by light on small particles bccanse a phenomenon with practical apjjkations. Indeed, Arthur Ashkin and collabora-
tors at Bell Labmuories discovered tnat a fsn:ly collimated laser beam could not only propel, but also map small par-
ticles 1. It was precisely the intrinsic stability of the optical trap, which thus did not reqtie exku’rud stabilizing
mechanisms, that madt optical trapping practical.

For almost tweni y years, optical trapping was only used in a few, nonbicdogical applications. These included the

levitation of small particles in light scattering studies 6, and, more importamly, the deflection of ncutml amm
kms’ and the trapping OIUatoms for Doppler shift-free spectroscopic measurements ‘. it was again Ashkin who, in
1987, rqorted the trapping of live bacteria and of viruses 2, This paper can be regarded as the starting poim for the bio-
logical applications of optical Dapping, as it stimulated interest in, and activity towards Lhe development of both in-
strumemat.ion and biological applications. Ashkirr also reported that yeasi Ah divide inside the optical trap, and that
organelks emdd be maisipuhued inside urtairs ~tozoa 3.

We demcmstra!r.!d d?? first automated cell sorter based exclusively on optical trapping 4“9. This insuument em-
ployed weakfy focused laser beams to ppcl single particles through an analysis region, where cmsrin optical proper-
ties of the cells were me%surd. The instrument subsequently made a sorting decision, following which it custrolkd
the intensity of a defle:rion km in order to extmc[ from the propulsion bcarn and separate sekted particles. T’he sec-
ond- gen~tion irm-um,cnt we have developed 1‘ ]1 is the fust snicrorobot based on opticat trapping, which is capable

of analyzing, scparaiirrIJ, and further processing selected biological ptmicks.

The optical trapping of paruck larger duu’s the tmpping wavelength can k described to a good approxirnaucm in
purcl y geometric opfics wrns 5. F@Iowing Ashkin 11, one consitkrs a tmnspamnt, spherical panicle with an intemd
refractive index higher than Lbl of the surrounding
medium and a ray mcldcnt on the parucle (Fig, 1).

If one considers photons travelhng “along” the re-

fracted ray, then, IIt the poim of refraction, the mo-
mentum of a photon changes irom the imtd mo-

men~m, po, LO the momentum comesponding to

the new direction of tie motion of the photon, PI.

TM change in ‘Ac momentum of one sc.aaered pho-

mn is represented m the dmwing by Ap, and, bc-

uusse of the COnSWiillOn of memcntum, the parli -

cle receives a moimenmrn qual to -Ap for rach
scattered photon. By rnuluplymg tic momentum
aansferred so the paruclc by one photon by she
number of phomns scauered per uni[ tune, onc ob-
tains the ncl foruc acting on the parwlc al the
pmm where the ray M rc!racred ~is force obvious-
ly has the same mentamrr as the transferred mo-

mentum, --Ap.

Figure 2 shows IWO rays IIW[ arc symmetrical
dative to the cem.r of the puuclc, as well m Ihe
form a[ the points where the IWO rays are refract-

eci. llre forw Fa prod~cd b} the rcfralson of ray

sismnsller hanlhefbrceFb@ud bytherc-

huon of my b, as he Iallcr is clowr m the hcam
UIS and thcrcforc he flux of phtins along It I>
h]gher, One cm sw hum lhc dqTMITI that tic axud
components of the two forces pwnl m the same ds
mc~on (m the duccu(m of pmpagauorr of tic
barn), and. thcrcfom, they both knd to propel lhc
-c k along the beam AI the same mnc, lhc rti

dud compunam of Use two forces powrl m oppo
sIrc dirccmms, wIlh tic radud force duc LO tic N
fracmm of m) b i.iormnsumg Tlrus, the ncl mdud

Flgurc 1. Refwuon of a hght my by a spherical surface,

and changes m mcmenta.
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force always points tow:ird the beam axis, which thus appears to a(trocl the particle. This is the basis for W radial,
two-dimensional, optical trapping eflkx.

While radial trapping is easy to achieve, axial trapping rquim the use of strongly convexgcn[ beams, and, there-
fore, very short focal length focusing knscs. Alternatively, axial trapping can be mhicvcd through tie use of two “m-
Axial, mrrsterpfopagating laaer beams. In the latter configuration, the radiaf forces due to the two beams add up,
whereas the axial forces camxl each other out at a point between the wa.hs of the two beans. ‘Thus, a full thrrxAi-
sncnsional (3-D) trap can be obtained with more weakly fcmaed beams, We adopted this method aa it allows one to
use relatively low magnification lenses with large working distances.

* maruoncd in the previous s@oII, the optical manipulator we developed uses two CQS.XM, countupropagatirrg
beams to produce a 3-D USp. A simplified diagram of the instrument optics is shown in Fig. 3. The beam fmm ti
trapping laser is splIt inxr two beams of qul mten.sity, which are then reflected by rhchrcnc mirrors and focused by
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F]gurc 3. SunplIfIcd dwgram of the mstrumcnt cpuci

rntcrcracopc obyxovcs as coaxud, countcrpmpaptmg bs. l%c cmcrgmg beams, which have u8vellod once around the
opoed systcm, uc unaged by a dcdIcated video camcru. T3c v1dc4Junagr IS used fur ahgnmg tic opuxtl sysrcm and cn
mmng thw the lw4r trappsnff bam m mdwd mud. Tk same Image 4s dDO used for adjusung the distarw bctwcerr
* Iwo bcurr Wassts

The imagurg systcm shams aomc of she qwcal ckmarts wItJI the trapping systcm. l%us, the dkhmk MUTWX that

rtflw[ th npplng hams allow shc UTWIIW wavcl~wglhs LO paw lhrough, what-m the otytxxivcs UKXI fw focusmu
the trapping beams arc d.so umd for dlummMs4m (upfrcr AJCCIIVC) an4f Imnglng (lower ObJCICUVC)A commattat mom
leas w used a$ n vdco cyepwcc und f4xmIs an mla~c on the mnsor of a video mrrrcrm TRc smagmg systcm is c4)mplcwd
b) n frame grabber and WUSKCIX(KCSSM (I}au “1rrsndalmn, Marlhm), MA) tit supplm~ dlglud and prrpr(wrswd inl



ages LOthe convol com~ uter (VAXsLat.ion II GPX, Digital, Maynard, hlA).

The insuurneru has several control ekments that W on the optical trap. These arc precision servopositioncrs that
control trapping beam alignment, as well as the position of the trap relative to the manipulation chamber. In our in-
strument, the trapping beams are stationary, and it is the pasition of the chamber itscf.f tha can be adjusted. Th:s great-
ly simplifies the optics, and, more importantly, allows the relative position of tie trap to be controlled over large
distances (typically lornm range for all three positicm codinatcs). Ile ability to move the trap over large distanczs
knthe plane of the chartdxr is particularly impwtant when chambers wi~ multiple compartments arc used.

The optical manipution chamber is an csscntiaf part of the instrument. Inded, the characteristics of the chamber
determine m a large extent the range of biological appficalions of the instrument. We have developed a chamber design
that consists of a thin =ntraf scztion sandwiched bctwccn two windows of good optical quali[y. The mttnf acction

cxmtair!s m~rofcopic comparunents md imerconnccting channels which arc either laser-machined into thin (120 pm)
stainless steel shim stock or photoetchcd into a photosensitive ceramic. The design of the ceramic centcJ section is
shown irr Fig. 4a, with ar &dargcd view of tAe
chamber wmpanrnents md interconncmrtg chan-
nels shown in Fig. 4b. Orw of the windows is a

170pm-thick glass coverslip, while the other win-
dow is a lmm-tkk glass slide with holes in
wbch the exkrrud ports arc mounted. The thin
window lies on the imaging side. The thick win-
dow also plays a structural role by suppming the
eAtcrnaf ports and giving rigldlty to the chamber.
The sand~ !ch dcsgn allows one to PMUCC charn.
bcrs wi~ complex mtemal structures and with um-
form overafl shapr.. Ttus design also rnaximm!s
hurt uansfcr between & chamber and its holder,
thus allowing accurate tcmpermre control and, !f
required, fast Lcmpcriimrc changes.

The rnuluplc compmments m ths chmnbcr and
the u-mcormcctmg channels WII1 aflow us to ~r.
form corrrplra expmmcnu. The comparmerus arc,
in tact, the microscopic qulvalcnt of tcw tubes be-
tween which the msrumcn[ can transfer cclts and
other bmlogud pttruulcs Furthcn.wrc, the chan-
nels connccwrrg the compartrncnrs wIrh the exter-
naf ports allow the COmposluor of rJIc suspensmn
rncdwm m the cornpanmcnts to tx modlficd al
WIII, Some of tic comparuncrws (the IWO smaller
ones m Fig. 45J un be filled with w, thus IWlaI.
ing the rerun comfxulnrcnls of the cfurntrr from
each ofier.

All control clemcnrs of the mstrurncnt, iri<tud.
tng fhndlcs and tht mwgmg symcrn, an drrvcn by
the control computer 2%c opcralor inlcr_aL’Lswllh

the cnnputcr through a grapfucs uwwrfacc and a
mouse ‘I%c graphcs mtcrfmcc dssplays a act of wr -
Iual !nstrumcrru w I[h c{mtr[d clemcnk driII tin bc
UKXI upon by lhc opcm through the mouse

The operator can control trap poamon m three
wav\ TN fIr\l 0( Lhv.w cml)hws a wrt’usl l-[) ~}y

r“” ‘“=

-IL b
9,31S5 mm, _I PLtlLL’J —

FIgurT 4 Dsagrarn of the charnbtz ccmcr muon (a), and cn
Iargcd view of the compamncnls and mtercormcxmng than
ncls (b)



ing a complex po!ygonal path can be drawn on the map. Once rhe path has been drawn, the imtmmcm moves the trap
along rhe prcprogrammuf @. This mode is particularly useful when the trap must be moved across a chamber area
that is larger than the imaged region. Finally, a binary vasion of the video image is also displayed on the control
screen. AfIer calibrating the video syswm, the crpcralor can draw a polygonal path ovcx the video rmage. TM mode of
opeamon r.sirnportam when small &ijustmcnts in the position of tie trap are r@rcd.

The image analysis problem for the optical manipulmor is the same as that for any cyunncuic image amdysis sys-
tem, namely to identif~ and xprate individual biological particks and to compute various morphomeuic parameters
for each prticle. More inmesdng is the machine vision and motion control problem, which follows form the robotic

aspect of the instrurmmt. hked, the mos[ important task of the insmrncnt is to tsansport ackctcd prUliC]M reliably
tiween two points inside the chamber. In this contexL reliability means (i) avoiding collisions both with the chamb-
er walls and with other particles; (ii) detecting the km of the trapped particle; and (iii) detecting the fortuitous
uapping of unwanted pmicles. Wlweas the latter rwo points are impkmcmed relatively rasily by monitoring tie
pixels h the trap region, the fcmncr is mom diffscuh. ‘flu control software on our instrurnerrl performs the collision
●voidance task in two steps. The first step consisrs of dacmhing a rough path tit &s not collide with the charnbez
walls (Rg.5a). This is done by using a stored map of the chamber comparunetws and intemmnec Mg channel:. LI a se4-
ond stcD, the information tmemcd by me image analYsis fofiwarc abuut obkcts Wescnt in the c-l %* h~c ~
used to-compute a clear @h kading-frorn tic-
currem position of the trap in the gemcd di-
rection of the rough path (Fig. Sb). As the
uap approaches the edge of the frame, a new
frame is analyzed in the snme way, and the
whok process is tqeatcd until rhe target
point is reached. Thrs procedure rcsulLs in n se-

quence of overlapping frames that covers the
rough path and dsat contins the acmal, clear,
path. Ob$ iousl y, reformation abou[ the geome-
try of the trap IS also used durrng the compu-
takII of the frame clear pak.

We have successfulfl mampulared a van-
ely of biohqpcal ~clcs, mcludmg mamma-
lian cells (mouse thymocytcs, spleen cells,
and Cdlud frbroblaws, rat C@ UOCyteS and
alvchr macrophisgc~, and human crylhru-
cytcs), plant promplasls, and Chinese harnslcr
ovary (C HO) chromosomes I.rs all these ex-
pcnmcm.s, the laser power output wru 15
mW, and no darnagc to the particles was ob-

mved. Further cxperrmcnts arc requucd 10 de.
U4minc the eflecl of ofxical trapping on the
functional propertus 0( biological panicles.

Figure 6 shows s de VICW of a trapped
md levitated ml mythrocyk. The mkagc also
tmnuuns three other er@rocyrfs, wh’ch hc
on the bouorrr of the chamber. As the Cu5gmg
system is focused ●t the level 0( the trap, the
irnagc O( the trapped cell (marked “~) ap-
pears sharper than those of tic othe~ cells.
7%c trapped rrythrocytc exhibus a preferen
tial Cricxrtaurxr in the @w] trap, wllh its
plarsc prallcl to the Irappmg bcarns.

FIgurc 7 shows a Icvlrawd N alvetrlar
macrophagc (marked “T’ ~, as WCII af a stxond
rnacrophagc which IIC$ on lhc txw(m~ of the
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manipulation chamber.

Figure 6 demonstrates the ability of the
instrumcm to trap and position small chro-
mosomes with very high accumcy. This fig-
ure shows a chromosome suspension and a

7.5p.m polystyrene microsphere. The chro-
mosome marked “l” in Fig. 8a was trapped
and placed on the microsphere. The new po-
sition of this chromosome is shown in Fig.
I?b. A previously dqositd chromosome,
masked “2”, cart ah be aim in the two im-
ages. It is signifhmt that smalJ biological
objects such as chromosomes can be plxed
at selected locations on an object onfy

7.5~ in diameter.

Although opticaf trapping insmmmrtta-
tion is rapdfy developing, the biological
appkations of opticaf trapping are sldl in
their infancy. In spite of this, tic mnge of
potential applications is impressive. These
appk.ations can be grouped in several mte-
gonts, depending on the particular capabdl-
tses of the opucaf trapping insmmcnt that
they CMptU5ize.

~’ Id-l.4~

7?sc main applscaoon in ths categofy
ss the scpamtson of rare cells and chromo-
somes, eqecutll~ when biocherrucal and/or
genetsc analysls ss 10 be pcrfonned on the
*paraied pamcles. The unaging and ma-
chine wswn capafmliucs of the msuumenl
allow u to scan a refauvcly large numbel
of partscles, kntrf) the ates of snteres~
and tranqxsrs these srmde the opticaf tmf?
to a =Pttrate compartment. Furthermore,
the instrument can avmd plckmg up unwant-
ed parucles off k bcmom of the mampuia-
uon chamber, and can momtor the cmlen~
of the trap m order to chscsrd unwanted
pmscles hat may have dnftd mm the
tnsp.

l%e •bdl[~ of lhe mstnsmcnt to posi-
m-m cells and chromosomes wdr micron X-

*,.

Flgum 6. Optical trapping of rat erythroeytes. The trapped cell

(marked “T”) is roughly perpendicular to the plane of the image.

Flgw 7, Opucaf trnppmg of a sat alveolar macropfwge, T?tc cell
marked “T K m the uap, whale the onc near the top of the smagc

hc~ on tic MtOm of the chamber

curmcy opens up many apphcmons, such as ccmtrolled ulf fusion and cransfaction, and the study of cd;-cell and
celf-subsuate mmmcuons in such apphcauons, the instrument’s positsonaf accuracy wdl be complemenud 5y m
sbibl~ to mMgc and monitor cells and chromosomes, and to mamtam sample stershty and physmluglcaf condmorss
over extended pczmds of umc.

6A.WMAWMWM

?%c nmc abIhI} of the mstrumcnt to pOSIUUII A curatcly celfs and chromosomes and to move them through mi -
crosapc compmrrwnm and channels ma} frnd unpmam apphcauons m the bsochemuf and gcncuc anafysIs of sm-
gk (elk and chr[~mt}umcs Thus, Ii M our VICW L!du the currem snstnsmcnl wdl evolve into an rntegrulcd mlcn)

page 6



aCOpIC faboramry thal wdl combine mor-
phomcmc anaJysIs and fluorcsceru latwl-
li.ng mcasurcmems nol onl) wlti cell and
chromosome scparauon, but also with capa-
bihucs for bmchemlcal analysIs at ti Iei -
e] of tic single biological parucle.

Apan from iui many pounufd uses in
errcsuiaf Iaborwmes, such aa insrrumem
would be panicularl) useful m space bwlo
gy research. Indeed, he ccmurams of a
apace-based Iaborauxy (microgmwy, ca-
closcd envimrmmt, limited insuumema-
tion weight and S% Iirr@d power, re
quircsncnts ftx extensive aulanatmn and rc-

‘ mou control) m be met much more -y
by a KhOIJC inslmfncnl bad on optd

mpping W by o(.hcr types of lalmrmory
instrumenwm. W’e ha~e COmpkkxl, un-
&r NASA spcrnscrslup, the conceptual &-
J@ for such an msfrumcnt ‘2.

~K?s~

OpLI:JJ mippmg IS hlmg m cd! bmlo-

gy ~ cymgeneucs a field of applwmon
thal IS beds wide and mterestmg. Although
we arc SUII m tie stage where msrnmenLa-

uon IS bcmg de~elopcd, be combmauon of
qmcal uappmg on the one hand, and ro-
txmc control and machmc wsson on he 04h-
cr, fwomt.ses 10 open up mrrspfetcl} new
and excumg avenues m basic and apphed bi-
dogj, as welJ as m blotechnolog!.

o~ \

~lS WOfk WSS supponed m par’1 by LAhii

lSRD award X86C and b} NASA conuitc[
T-1 !%P The authors wish 10 express Lhcu
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Renu Kowluru, Bruce lAncrL and We

Comfonh (all from d’sc Lde Sciencxs DIvI-
Sl(lri , : : i\ L), who have conmbwcd ad.

wce mdor biological samples.
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